Abstract. To investigate viral determinants and evolution linked to outbreak with increased severity, we examined dengue virus type 2 (DENV-2) sequences from plasma of 31 patients
INTRODUCTION
Dengue virus (DENV) belongs to the genus Flavivirus of the family Flaviviridae. It contains a positive-sense singlestranded RNA genome of ∼10.6 kb in length. Flanked by the 5Ј and 3Ј non-translated regions (NTRs), there are three structural genes, the capsid (C), precursor membrane (PrM), and envelope (E), at the proximal 5Ј one-fourth of the genome, and seven non-structural genes, NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5, at the distal 3Ј of the genome. 1 Over the past 20 years, dengue outbreaks caused by the four serotypes (DENV-1, DENV-2, DENV-3, and DENV-4) remain a major public health problem in the tropical and subtropical areas. It has been estimated that ∼100 million DENV infections occur annually worldwide. 2, 3 Although most DENV infections are asymptomatic or cause a relatively mild disease, dengue fever (DF), some infections may result in severe and potentially life-threatening disease, dengue hemorrhagic fever-dengue shock syndrome (DHF/DSS). [2] [3] [4] Along with the risk factors that were reported to contribute to DHF/DSS, two major factors, the viral strain and the immune status of the host, have been identified. 2, 3, 5 The immune hypothesis states that cross-reactive, non-neutralizing antibodies from previous infection may enhance DENV replication in mononuclear phagocytic cells during secondary infection. 6 This was supported by the antibody-dependent enhancement phenomenon in vitro and by several independent cohort studies. [7] [8] [9] [10] [11] On the other hand, different DENV strains have been reported to link to outbreaks with very mild or very severe diseases. [12] [13] [14] [15] [16] Moreover, different DENV strains were found to have different abilities to replicate in mosquitoes. 17 Thus, the viral hypothesis contends that severe dengue disease is the result of more virulent strains of DENV that have evolved to replicate faster and to a higher level and cause more DHF/DSS. 18 Because frequent sampling and sequencing of DENV between outbreaks were lacking, how DENV evolved from one outbreak to another remained unclear.
Previously, several studies have attempted to identify the molecular determinants of DENV associated with patients with severe disease at the full-genome level. One compared the sequences of DENV-2 causing DF only, the American (Am) genotype, and those causing both DHF and DF, the Southeast Asian (SEA) genotype, and reported structural differences in the 5Ј and 3ЈNTRs as well as 55 amino acid differences in the coding region between these two genotypes. 19 Moreover, SEA genotype was shown to have selective advantages over the Am genotype in human cells and mosquitoes. 20 Because the viruses analyzed were from outbreaks in different countries over 10 years apart, it was difficult to identify specific residues responsible for the virulence of the SEA genotype, with the exception of an asparagine residue at position 390 of E protein of the SEA genotype. This residue was reported to contribute to high replication of the SEA genotype in macrophages. 21 Another study focused on eight DENV-2 isolates from a single outbreak and reported no consistent sequence difference between viruses from DF and DHF patients. 22 As the viruses have been passaged in tissue culture, the possibility that sequence changes introduced by in vitro selection might mask the differences of viral sequences in vivo cannot be completely ruled out.
It was recently reported that the proportion of severe cases (DHF) to total cases increased toward the end of an outbreak in more than three occasions. [23] [24] [25] [26] [27] In 2001 and 2002, there were two consecutive DENV-2 outbreaks in Kaohsiung city and county, a metropolitan area in southern Taiwan ( Figure  1 ). The first one was from September 2001 to December 2001 with a total of 194 DF and 13 DHF cases confirmed. 26 With few sporadic cases reported during the winter and spring, the second one started in June 2002 and ended in early December of that year, which was the largest dengue outbreak in Taiwan after the World War II with a total of 5,039 DF and 422 DHF cases confirmed. 26 Because the number of total cases increased from 207 in the 2001 outbreak to 5,461 in the 2002 outbreak and the proportion of DHF to total cases increased from 6.3% to 7.7%, we carried out a comprehensive study to examine viral sequences associated with patients with severe disease and to investigate how viruses evolve from a smaller outbreak with relatively fewer severe cases to a larger outbreak with more severe cases. Toward such aims, we exam-ined full-genome and E sequences directly from plasma of DF and DHF patients sequentially, 2 to 3 patients per month, during these two outbreaks. 4, 28 One to two patients from each group (DF and DHF) every month, with a total of 31 cases, were randomly selected for viral sequencing analysis (Table 1) . With informed consent, acute blood samples were collected and plasma was prepared within 6 hours of collection and stored at −80°C until used. 28 All patients were confirmed to be DENV-2 cases by a nested reverse transcription-polymerase chain reaction (RT-PCR) assay. 28, 29 Primary or secondary infection was determined by a previously described NS1-specific IgM and IgG capture enzyme-linked immunosorbent assay (ELISA). 28, 30 A Japanese encephalitis virus (JEV)-NS1 IgM ELISA was used to exclude JEV infection.
MATERIALS AND METHODS
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Isolation of viral RNA, RT, PCR, and sequencing. Dengue viral RNA was isolated directly from plasma using the QIAamp viral RNA mini kit (Qiagen, Hilden, Germany). The RNA eluate was subjected to RT using the cDNA synthesis kit and the superscript II RT (Life Technologies, Rockville, MD) as described previously. 31 An aliquot of complementary DNA (cDNA) was subjected to the first round PCR using the superTaq polymerase (HT Biotechnology, Cambridge, England) and the outer primer pairs, which cover 8 overlapping segments of the DENV-2 genome (supplementary Table 2; Table can be found online at www.ajtmh.org.). The PCR was performed in a separate room from that used for RNA isolation, and precautions for PCR were followed to avoid contamination. 32 The PCR product was purified by GFX PCR purification kit (Amersham Biosciences, Bucking- hamshire, UK) and subjected to sequencing with the primers (not shown), BigDye terminator sequencing kit and ABI 373 automated sequencer (Applied Biosystems, Foster City, CA).
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Sequence analysis. Two data sets were analyzed. The first one contained 85 E sequences, including 16 E sequences of 1407 nucleotides in length (genome position 1007 to 2414) 33 derived from plasma of 31 patients (only one of the identical sequences was included) during the two outbreaks (Table 1) , 23 available E sequences from countries, where there were cases imported to Taiwan during this period, including Philippines (00St68, 00U18, 01RBD1, 01St428, 01St322, 02Sa32), Thailand (ThD2K006200, ThD2K014400, ThD2007700, ThD2K01001, ThD2018500, ThD2K005701, ThD2001401, ThD2098100), Vietnam (CTD28, CTD44), Indonesia (TB161, BA051, 01-04-1HuNIID), Singapore (Singapore), Nepal (D2Hu-Nepal-Narita114), and Ecuador (CDC398301, CDC398302); 4 to 7 E sequences from each of the 5 genotypes of DENV-2, including Asian genotype 1 (Malaysia-87a, Malaysia-87b, D87-881, ThNH5293, GD08-98), Asian genotype 2 (Taiwan-87, Philippines-83, Sri Lanka-69, Sri Lanka-68, China-43, CTD113, CTD204), American/Asian genotype (Mart-98, Brazil-90, Malaysia-86, D80-038, Iard4341, Iard6045, Iard5207), Cosmopolitan genotype (SL206, Burkina Faso-83, Torres, Indonesia-76, Cook1, CAMR2, D2Hu-SriLanka-N11D23), and American genotype (Trinidad-53, India-57, Ven2, Tonga-74, Puerto Rico-69); 4 E sequences from the sylvatic viruses (Mal70-P8-1407, Sen70-DAKHD10674, Guinea81-PM33974, IC80-DAKAr578), and E sequences of DENV-1 (A88, BR, R72-1244b, CH323Laos), DENV-3 (H87, 1340, 260698, MK315) and DENV-4 (814669, S44750, P75-514). [34] [35] [36] [37] The second one contained 45 sequences of the entire coding region (10176 nucleotides), including 17 full-genome sequences derived from plasma of 17 patients (Table 1 ) and 28 full-genome sequences from the 5 genotypes of DENV-2, as described previously. 36, 38 Phylogenetic analysis was performed by the maximum likelihood (ML) and neighbor-joining (NJ) methods in the Phylip software package (version 3.66, University of Washington, Seattle, WA), 39 and the Bayesian analysis in the MrBayes (version 3.1). 40, 41 Empirical transition/transversion ratio and gamma distribution parameter alpha were estimated by the TREE-PUZZEL software (version 5.2) to calculate the evolutionary distances. 42 The robustness of the NJ tree was statistically evaluated by bootstrap analysis with 1,000 bootstrap samples. Because the ML method is already a statistical method (with a statistical evaluation of the branch length), no bootstrapping was done. In the Bayesian analysis, nucleotide substitution model was estimated by MrModeltest (version 2.2). 43 MrBayes implements GTR + G model of nucleotide substitution model (from MrModeltest 2.2), a total of 2 × 10 6 generations were performed with trees sampled every 100 generations. At the completion of the run, the ''average standard deviation of split frequencies'' (a metric in MrBayes to determine convergence of the simulation) was 0.005889 (under 0.01), well below the recommended maximum of 0.1. 40, 41 Nucleotides frequencies were estimated from the data sets, and a "burn-in" of 10,000 trees was used to estimate the consensus topologies. Potential scale reduction factor for branch lengths (PMSF) approximate to 1. All other settings used in MrBayes were the defaults for the software. Details of the analysis are available upon request.
For the 17 full-genome sequences, the single likelihood ancestor counting (SLAC), fixed effects likelihood (FEL), and random effects likelihood (REL) methods in the Datamonkey facility were used to determine the overall and codonspecific selection pressure, revealed by the ratio of the nonsynonymous nucleotide substitutions per site (d N ) to the synonymous nucleotide substitutions per site (d S ), d N /d S , for the entire coding region, as described previously. 38, 44 As a result of the limitations of the small data set analyzed, the mode of nucleotide substitution and the method used to infer phylogenetic tree were summarized in the supplementary Table 3  (Table can be found online at www.ajtmh.org). Details are available upon request. Pairwise comparison of the E sequences was also performed using the program MEGA 3.1 to determine the proportion of difference (p-distance). 45 
RESULTS
Sequence analysis of E gene.
Because the E protein is known to be the major determinant of tropism and the major target of neutralizing antibodies, we first examined the entire E sequences derived directly from plasma of 8 patients (range: 0.14-0.52%). There was no consistent nucleotide or amino acid change between E sequences of viruses from DHF patients and those from DF patients when comparing patients of either outbreak or two outbreaks together (supplementary Table 1 ).
To investigate the origin of the DENV-2 of the 2001-2002 outbreaks in Kaohsiung, the 31 E sequences studied and 27 available E sequences from countries, where there were cases imported to Taiwan during this period including Philippines, Thailand, Indonesia, Vietnam, Singapore, Nepal, and Ecuador, and 4 to 7 E sequences from each of the 5 genotypes of DENV-2 were aligned and subjected to phylogenetic analysis. [34] [35] [36] As shown by the ML tree in Figure 2 , the Kaohsiung viruses belonged to the cosmopolitan genotype and formed two clusters corresponding to the year of outbreak, the 2001 and 2002 clusters. Similar trees were generated by the NJ method and the Bayesian analysis (data not shown). [39] [40] [41] Interestingly, two isolates from The Philippines during this pe (Table 2) . Of the five, three were in the nonstructural genes, including one each in NS1, NS4A, and NS5, and two were in the structural gene, the E gene. Most (four) of the nucleotide substitutions were silent substitutions except one non-silent substitution in the E gene (genome position 1066 33 ), resulting in amino acid change from threonine to isoleucine at residue 46 of E protein ( Table 2) .
A We next examined the overall and codon-specific selection pressure in the entire coding region of 17-full genomes using the SLAC, FEL, and REL methods in the Datamonkey facility. 44 Consistent with the previous reports, the ratio of d N to d S , d N /d S , was lower than one for the entire coding region (0.108), suggesting no evidence of positive selection. 38, 46, 47 Moreover, there was no positively selected site in the entire coding region by the SLAC and FEL methods, except that 15 positively selected sites at C, PrM, E, NS2A, NS3, NS4B, and NS5 genes were found by the REL method (supplementary Table 3 ). One negatively selected site at codon 366 of NS5 was consistently found by all three methods. There were 16 negatively selected sites at E and the 7 non-structural genes found by the FEL method.
DISCUSSION
The pathogenesis of DHF/DSS has been one of the major issues in dengue research. 2, 3, 5, 6, 18 One fundamental question is whether the viral strains found in DHF patients differ from those in DF patients. To address this and to avoid potential mutations introduced by passages of viruses in vitro, we examined full-genome DENV sequences directly from plasma of 17 patients (10 DF, 7 DHF) during the 2001 and 2002 outbreaks in Kaohsiung. No consistent nucleotide or amino acid difference was found between viruses from DHF patients and those from DF patients, when comparing patients of either outbreak or two outbreaks together. Because the immune status of the host, primary or secondary infection was known to be an important risk factor for DHF /DSS, we excluded one case with primary infection and four cases with unknown status and re-analyzed the 12 full-genome sequences from 6 DF and 6 DHF patients with secondary infection (Table 1) . Among these, there was no consistent nucleotide or amino acid difference between viruses from DF and DHF patients ( Table 2 ), suggesting that host factors, such as age, nutritional status, and underlying diseases probably play an important role in determining disease severity in the same outbreak. A recent report of this outbreak that under- EVOLUTION OF DENV-2 TO A MORE SEVERE OUTBREAK lying diseases, including diabetes and hypertension, were associated with a complicated clinical course in DHF patients supported this interpretation. 48 It was reported from a recent study of the DENV-2 outbreak in Cuba in 1997 that the proportion of DHF cases increased during the peak of the outbreak, from 5.2% in May to 7.4% in June and 11.9% in July. 23, 24 Analysis of 6 fullgenome sequences identified 5 consistent nucleotide changes in NS1, NS2A, and NS5 genes between the early viruses in January-February, when the number of cases was small, and the late viruses in June-July, when there was an increase in the number of total and DHF cases. 27 Similarly, a gradual increase in the proportion of DHF cases was also observed during the peak of the 2002 outbreak in Kaohsiung, from 5.7% in July-August to 7.8% in September-October and 10.2% in November-December. 26 Based on the analysis of 17 full-genome sequences, there was no consistent nucleotide change between viruses of the three periods (July-August, September-October, and November-December) of the 2002 outbreak ( Table 2 ), suggesting that the observation of increase in disease severity could not be attributed to changes in viral sequences during the peak of outbreak. Interestingly, 5 consistent nucleotide changes in the E, NS1, NS4A, and NS5 genes were found between the early viruses (2001) and the late viruses (2002). Because the DENV-2 of the Cuba outbreak in 1997 were the American/Asian genotype and those of the Kaohsiung outbreaks in 2001-2002 were the cosmopolitan genotype, the observations of no identical change associated with the late viruses, as summarized in Figure 4 , suggest that viral determinants of the presumably more virulent late viruses were different, depending on the genotype or strain.
One of the 5 consistent nucleotide substitutions between the 2001 and 2002 viruses was non-silent, resulting in threonine to isoleucine change at residue 46 of E protein. Based on the crystallographic structure of dengue E protein, residue 46 was in the D 0 strand of domain I, which was located on the surface. 49 This residue has been reported to be in one of the antigenic domains defined by peptide ELISA on human sera. 50 Peptide containing this residue can elicit neutralizing antibody and has also been identified as one of the T-helper cell epitopes in animals. 51, 52 It is possible that substitution of threonine to isoleucine at this position may affect the binding of neutralizing antibody or recognition by T-cells. Interestingly, this residue was identified as a positively selected site by the REL method (supplementary Table 3 ). Three of the 4 silent nucleotide substitutions (codon 376 of E, codon 261 of NS1, and codon 539 of NS5) were found to be negative sites by the FEL method. In addition, the 5 nucleotide substitutions may affect overall RNA secondary structure and codon usage, resulting in differences in the efficiency of RNA replication. Whether and how each of the 5 nucleotide substitutions or their particular combinations contributes to a higher level of replication in monocytes or dendritic cells remain to be investigated experimentally in the context of infectious clone. Of note, the viral sequences analyzed were the consensus sequences that dominated the DENV viral load in the collected serum from each patient. 31 Thus, it is possible that certain phenotypic differences were attributed to mutations present at a low frequency in the quasispecies and could not be delineated by the 5 consistent nucleotide substitutions observed.
Because the 2002 viruses showed a high degree of similarity to the 2001 viruses (mean p-distance of E gene: 99.73%) and there was no evidence of re-introduction of new DENV-2 to Kaohsiung in 2002, the 2002 viruses appeared to evolve from the 2001 viruses. 34 By examining viral sequences continuously at different time points during these two outbreaks, the first such approach for DENV to our knowledge, we demonstrated that the 2002 viruses descended from a minor variant of the 2001 viruses (Figure 3 ). In agreement with the notion that evolution of DENV is generally subject to a strong purifying selection, analysis of the d N /d S ratio for the entire coding region of the Kaohsiung viruses revealed no evidence of positive selection overall. 36, 38, 53, 54 The 2002 viruses most likely resulted from a genetic bottleneck during the interepidemic period between January and May 2002, in which the temperature was decreased and only sporadic cases were reported. 34 This finding resonates with the observations in other studies that lineage extinction and replacement of DENV were attributed to stochastic events during the interepidemic period. 47, 55, 56 Compared with a recent report of FIGURE 4 . Comparison of the consistent nucleotide changes between the early and late viruses reported in this and previous studies. 27 The consistent nucleotide changes between the early viruses and the late viruses, which were linked to outbreak with more severe cases in the Santiago outbreak in 1997 and in the Kaohsiung outbreaks in 2001-2002, were shown. Parentheses after nucleotides indicate amino acids. The number of genome position was based on the DENV-2 strain, NGC. 33 lineage turnover, in which the dominant clade at a given year descended from a minor variant 4 or 5 years ago, our findings that the 2002 viruses descended from a minor variant of the 2001 viruses during a short interepidemic period, less than 6 months, was surprising. 57 More importantly, these findings provided evidence supporting the notion that epidemic strains of DENV evolve via drift from existing minor variants in the population. This may represent a mechanism of evolution of DENV from one outbreak to another, which was not appreciated previously.
